OBJECTIVES: The management of cardiac arrest after cardiac surgery differs from the management of cardiac arrest under other circumstances. In other studies, interposed abdominal compression-cardiopulmonary resuscitation (IAC-CPR) resulted in a better outcome compared with conventional CPR. The aim of the present study was to determine the feasibility, safety and efficacy of IAC-CPR compared with conventional CPR in patients with cardiac arrest after cardiac surgery.
INTRODUCTION
Cardiac surgery confers a great risk of cardiac arrest during the postoperative period [1] . The incidence rate of cardiac arrest after cardiac surgery is 0.7-2.9% [2] . The chance of survival after an in-hospital cardiac arrest post-cardiac surgery is poor. Several issues in the management of cardiac arrest after cardiac surgery differ from the management of cardiac arrest under other circumstances [3] . Over the past 30 years, a variety of alternatives to conventional manual cardiopulmonary resuscitation (CPR) have been developed in an effort to enhance perfusion during attempted resuscitation after cardiac arrest and to improve survival [4] . The maintenance of vital organ perfusion during cardiac arrest is critical for successful resuscitation. However, studies have shown that standard CPR provides only 15-20% of normal myocardial perfusion and only 25-30% of normal cerebral perfusion [5] . Interposed abdominal compression (IAC)-CPR is a three-rescuer technique (an abdominal compressor plus the chest compressor and the rescuer providing ventilations) that includes conventional chest compressions combined with alternating abdominal compressions [6] .
if they had undergone a technically successful operation, had a cardiac index of at least 2.0 l/min/m 2 upon transfer to the ICU and had not had massive bleeding (>400 ml/h for the first 2 h) that required emergency thoracotomy in the ICU. Patients receiving maximal inotropic and intra-aortic balloon pump support or those supported by ventricular assistance devices were not included in the study. The study was approved by the Institutional Review Board.
Treatment protocol
All cases of cardiac arrest were jointly managed by the medical and surgical team. The surgical ICU is located next to the operating room and is staffed with 24-h on-site critical care specialists. Surgical coverage is provided by full-time cardiac surgeons around the clock. CPR was initially performed by the same group on all patients. If spontaneous circulation was not restored after 10-15 min, the surgical team would immediately proceed to resternotomy and internal cardiac massage.
Inclusion and exclusion criteria
Cardiac arrest was defined as the cessation of cardiac mechanical activity with the absence of a palpable central pulse, apnoea and unresponsiveness, including ventricular fibrillation, asystole and pulseless electrical activity. Subjects were excluded if resuscitation began outside the ICU, if the cardiac arrest occurred during the inpatient preoperative period or if the cardiac arrest occurred after the first 24 h in the ICU. The endpoints of the study were safety, return of spontaneous circulation (ROSC) >5 min, survival to hospital discharge and survival for 6 months.
Abdominal cardiopulmonary resuscitation techniques
The dedicated rescuer who provides manual abdominal compressions will compress the abdomen midway between the xiphoid and the umbilicus during the relaxation phase of chest compression [5] . The hand position, depth, rhythm and rate of abdominal compressions are similar to those for chest compressions, and the force required is similar to that used to palpate the abdominal aorta [6] .
The rescuer's hands are positioned on the abdomen with the left hand caudad and the other hand craniad to the umbilicus. The heels of the hands are placed 3 cm to the left of the midline, and the fingers are rested gently on the abdomen. In this manner, the abdomen is compressed via the hypothenar and thenar hand pads along a craniad-caudad line overlying the abdominal aorta.
Statistical analysis
The values of continuous variables are given as the mean ± SD. We used the χ 2 test with continuity correction for dichotomous variables and the Wilcoxon test for continuous variables for group comparisons. Statistical significance was considered as P <0.05.
RESULTS
Between April 2009 and March 2014, a total of 2468 patients underwent cardiac surgery at the Cardiovascular Center of Hainan Medical College. Of these, 40 patients (1.62%) met the inclusion criteria. The preoperative characteristics, type of surgery performed, prearrest clinical data and cardiac arrest of these patients are shown in Table 1 . Ventricular fibrillation was the most common mechanism precipitating cardiac arrest (67.5%). Asystole was found in 11 patients (27.5%) and pulseless electric activity was found in another 2 patients (5%). No differences were found regarding demographic and logistical conditions between the two groups.
Outcome
In a total of 22 of the 40 patients (55%), ROSC was observed without resternotomy (Table 2 ). With IAC-CPR, 12 of 19 patients (63.2%) had ROSC, compared with 10 of 21 patients (48%) who underwent conventional CPR (P <0.05). In patients with ventricular fibrillation, the differences were more distinct: ROSC was achieved in 9 of 13 patients (77%) with IAC-CPR and in 8 of 14 patients (50%) with conventional CPR (P < 0.05). In patients with asystole, ROSC was achieved in 3 of 5 patients (60%) who underwent IAC-CPR and 2 of 6 patients (33%) who underwent conventional CPR (P = 0.051). By contrast, none of the 2 patients with pulseless electrical activity achieved ROSC with either IAC-CPR or conventional CPR (P = 0.89).
In the IAC-CPR group, 11 of the 19 patients (57.9%) survived to hospital discharge (P <0.05 compared with the conventional group), and 10 survived for >6 months. With conventional CPR, 9 patients (43%) survived to hospital discharge and 6 survived for >6 months (P <0.05 compared with the IAC-CPR group).
The outcomes of CPR with resternotomy are presented in Table 3 . IAC-CPR and conventional CPR without resternotomy successfully achieved ROSC in 22 patients (55%), whereas resternotomy CPR was required for the remaining 18 patients (45%). Of these, 11 patients (27.5%) were successfully resuscitated and 7 patients (17.5%) did not survive CPR. Among the CPR survivors, there were no neurological sequelae in any patients, and no patient developed a wound infection. There were 5 ROSCs among the 19 patients (26.3%) in the IAC-CPR group with resternotomy (P <0.01 compared with 6 out of 21 patients in the conventional CPR group with resternotomy), and 5 out of 19 patients in the IAC-CPR group survived to hospital discharge (P <0.01 compared with 4 of 21 patients in the conventional CPR group with resternotomy). In the IAC-CPR group with resternotomy, 3 patients (15.8%) survived for >6 months (P <0.01 compared with 2 [9.5%] patients in the conventional CPR group).
Safety of interposed abdominal compression-cardiopulmonary resuscitation
Among the survivors, there were no reports of severe injuries or resuscitation-related major complications during the clinical course. Two out of 19 patients in the IAC-CPR group and 3 of the 21 patients in the conventional CPR group who died at the scene underwent autopsies (Tables 4 and 5 ). In particular (Table 4) , differences become more distinct in terms of CPR-related injuries. Unusual fractures of the thoracic spine were found in 1 elderly female patient with severe osteoporosis who underwent conventional CPR. With IAC-CPR, minor abdominal lesions were observed in 2 patients, as were peritoneal and mesenteric congestion. No significant abdominal organ traumas were found in the IAC-CPR group.
DISCUSSION
Cardiac surgical patients differ from other patients at the time of cardiac arrest followed immediately by CPR. First, the cardiac 
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J.-k. Li et al. / Interactive CardioVascular and Thoracic Surgerysurgical patient in the ICU usually has a continuous arterial line, central venous line, pulse oximetry and electrocardiogram monitoring; thus, the arrest will be immediately identified, increasing the likelihood that early CPR will be successful in restoring cardiac output. Second, immediate chest compression is unnecessary in certain cases, and its use after cardiac surgery should be minimized because of the risk of trauma to the surgical site [7] . Reducing the risk of trauma to recently operated cardiac structures and suture lines is necessary with cardiac arrest patients after cardiac surgery [2] , and the rationale for the conventional recommendation of only chest compression-CPR is less likely to be pertinent here. An increased venous refill of the thorax is the basic mechanism leading to increased coronary perfusion pressure and increased vital organ blood flow with IAC-CPR [8] . By combining and extending both techniques via phased chest and abdominal compression-decompression, further improvements in organ blood flow could be expected, based on the results of this study for cardiac arrest after cardiac surgery. With this technique, thoracic decompression during abdominal compression leads to an increased venous return to the thorax via negative intrathoracic pressure; moreover, abdominal decompression during chest compression may lead to an increased blood flow because the afterload is decreased [9] . From a CPR viewpoint, postoperative cardiac surgery patients with cardiac arrest comprise a unique group of ICU patients in the sense that the thorax and heart are in a fragile state. In an attempt to evaluate the use of IAC-CPR in cardiac arrest after cardiac surgery, we compared IAC-CPR with conventional CPR in our hospital setting. The duration and firm endpoints of CPR were according to the 2010 American Heart Association Guidelines [10] . The principal goal of this pilot study was to test the feasibility, practicability and safety of IAC-CPR for cardiac arrest after cardiac surgery. According to this study, IAC-CPR was superior to conventional CPR in terms of successful ROSC, the outcome of cardiac arrest with or without resternotomy and CPR-related injuries. The 2009 guidelines for resuscitation in cardiac arrest after cardiac surgery provided a summary of the literature that showed an improvement in outcomes with IAC-CPR [7] . Rhythmic abdominal compression-CPR is a potential alternative CPR technique for use by untrained bystanders; it was proposed to promote ventilation and reduce effort for the CPR provider [11] . Abdominal compression-CPR may generate similar coronary perfusion pressure; furthermore, abdominal compression-CPR also generates greater minute alveolar ventilation than chest compression-CPR alone [12] . Abdominal compression-CPR is a CPR technique in which blood flow during ventricular fibrillation is produced by rhythmic compression of the abdominal organs.
In this study, we found no evidence of distinct iatrogenic injuries, such as damage to visceral organs, in IAC-CPR. Haemodynamic benefits and the risk of liver trauma may depend on the abdominal compression technique, and the direct compression of the abdominal aorta, rather than a generalized abdominal compression, might augment perfusion during CPR and minimize the risk of liver injury [5] . In the present study, we demonstrated that IAC-CPR can improve the resuscitation outcomes, such as ROSC and 6-month survival, of cardiac arrest patients after cardiac surgery without causing abdominal organ trauma, such as liver laceration. The European Resuscitation Council published new guidelines for resuscitation in 2010, and high-quality chest compressions are an essential part of these guidelines [13] . Although deeper compressions were associated with greater risk of injuries to patients, they are also associated with a higher ROSC success rate [14] . Exaggerated fear of injuries related to deeper compression depth could potentially lead to a reduction of compression depths to below the recommendation [13] . In IAC-CPR, a lower force of compression can produce blood circulation equivalent to that achieved with higher compression forces, allowing adequate CPR to be performed by a larger pool of potential rescuers [11] . With IAC-CPR, we can optimize the quality of CPR, decrease the number of very deep compressions and keep the mean compression depth as close to the recommendations as possible, which will help to avoid critically injuring the patient. Although it is important to maintain coronary perfusion when cardiac arrest has occurred, the most important objective of CPR is to protect the brain from hypoxia, so that patients have a favourable neurological outcome [15] . As indicated above, there were no neurological sequelae in any of the survivors in the IAC-CPR group. In this study, the majority of the injuries had only a minor impact on patients' recovery from resuscitation, and it is important to realize that the injuries were generally not fatal.
IAC-CPR has several advantages over conventional CPR, especially in cases of cardiac arrest after cardiac surgery. First, complex cardiac operations requiring prolonged aortic cross-clamping are associated with high morbidity and mortality resulting from direct damage to the myocardium; temporary myocardial depression after cardiopulmonary bypass and aortic cross-clamping can occur even after an otherwise satisfactory operation [16] . Abdominal compression-CPR can immediately be applied during a sternotomy, resternotomy or thoracostomy [17] . Second, lifethreatening ruptures of the myocardium were detected only in patients with acute myocardial infarction. It is very difficult to establish a causal relation between myocardial rupture in the infracted area of the heart and chest compressions during CPR; nevertheless, without CPR, the patients would have died of the cardiac arrest [13] . In this study, no heart rupture was found in the IAC-CPR group. Third, 'priming the pump' with abdominal compressions would be expected to allow greater increases in aortic volume when blood flows from the heart into the aorta because of sternal compressions and, therefore, because of minimally invasive direct cardiac massage, which would lead to even greater increases in aortic diastolic pressure [18] . Compared with conventional CPR, abdominal compression-CPR produces greater blood oxygenation and mean arterial pressure [12] .
Another advantage of abdominal compression is the likelihood that CPR will not have to be interrupted to perform endotracheal intubation [19] . The impact of resternotomy CPR on postoperative cardiac surgery patients with cardiac arrest has been emphasized [20] . In our study, IAC-CPR yielded a high-survival rate not only in patients who underwent closed chest CPR, but also in those who underwent resternotomy CPR.
Ever since Peter Safar developed CPR during the 1960s, there has been discussion about iatrogenic injuries associated with chest compressions [13] . Sternal and rib fractures are frequent complications of chest compressions, but sometimes CPR can result in intrathoracic lacerations and haemorrhage, which may even prove fatal [13] . The idea of using abdominal compression to pump blood during CPR originated with Ralston et al. [21] ; they reported IAC with standard chest compression-CPR and found that CPR blood flow doubled under those conditions. Abdominal organs contain 25% of the total blood volume, and rhythmic compression of this vascular bed can produce substantial blood flow during CPR [22] , as we will demonstrate. In ROSC patients, the outcomes of IAC-CPR seem to be favourable compared with those of conventional CPR, and the long-term outcome of IAC-CPR survivors was superior to that of patients who underwent conventional CPR.
In view of the two competing mechanisms that explain the effects of CPR (the thoracic pump and the cardiac pump) one might argue that active abdominal compression in fact adds a third pump, in series with the thoracic and cardiac pump [23] . IAC-CPR increases diastolic aortic pressure and venous return, resulting in improved coronary perfusion pressure and blood flow to other vital organs [4, 6] .
We conclude from our results that IAC-CPR after cardiac surgery is feasible and safe and may be advantageous in cardiac arrest after cardiac surgery. There are fewer CPR-related injuries with IAC-CPR compared with conventional CPR. Clearly, the promise of IAC-CPR use in cardiac arrest after cardiac surgery deserves a large-scale clinical trial for a conclusive evaluation; the conclusions of this study may be underpowered. We also suggest that this group of patients could be used as a model to study the overall utility of IAC-CPR in cases of cardiac arrest.
LIMITATION
The present study has several limitations. The first concerns the small sizes of the study groups, which do not allow us to exclude the possibility of a Type II error (i.e. ROSC, survived to hospital discharge and survived for 6 months). Second, the first action of CPR is to keep the airway open. Abdominal compression procedures might increase the risk of airway compromise because of retrograde propulsion of the gastric contents into the oropharyngeal cavity [14] . All of the patients who suffered a cardiac arrest in this study did so within the first 24 h in the ICU after cardiac surgery, when there was no or very little gastric juice. Third, this procedure requires an additional rescuer, who might interfere with available personnel. Finally, autopsy was not performed on all nonsurvivors, and moreover, there was no systematic search for injuries in survivors, which may lead to underreporting.
